PURPOSE:To prospectively investigate whether Lipiodol can be used as a potential imaging biomarker of tumor response after conventional transarterial chemoembolization (cTACE) for both primary and secondary liver cancer. MA-TERIALS AND METHODS: This prospective single-center single-arm clinical trial enrolled a total of 39 patients with primary or secondary liver malignancy [hepatocellular carcinoma (HCC), n = 22 and non-HCC, n = 17]. Patients were treated with cTACE according to a standardized protocol and underwent multimodality imaging at baseline [magnetic resonance imaging (MRI)/computed tomography (CT)/positron emission tomography (PET)]; at 24 hours post-TACE (CT); and at 30, 90, and 180 days post-TACE (MRI/CT/PET). Image data analysis included quantitative assessment of tumor characteristics, Lipiodol deposition, fluorodeoxyglucose uptake, and tumor response assessment. Statistical analysis included linear regression, Student's t tests, Wilcoxon rank sum and signed rank test, Chi-square, and Fisher's exact test. RESULTS: Image analysis demonstrated that baseline tumor diameter (R 2 = 0.4, P = .0001), area (R 2 = 0.45, P < .0001), volume (R 2 = 0.3, P < .002), and enhancing volume (cm 3 , R 2 = 0.23, P < .002) at baseline correlated inversely with Lipiodol tumor coverage and response rates. Baseline tumor enhancement in % of the total tumor was the only parameter to positively correlate with Lipiodol coverage (R 2 = 0.189, P = .0456). Patients with high Lipiodol coverage of the tumors showed a higher tumor quantitative European Association for the Study of the Liver response rate at 30-day follow-up (P = .004). Lipiodol retention in both primary and secondary liver tumors was sustained over time, while nontarget hepatic deposits demonstrated near-complete elimination at 30-day follow-up (P < .001). CONCLUSION: Lipiodol deposition in liver tumors can be predicted using quantitative baseline imaging characteristics and correlates with tumor response. This supports another role for Lipiodol, namely, that of an imaging biomarker of tumor response after cTACE.
Introduction
The management of primary and metastatic liver cancer constitutes a significant oncologic challenge. Despite recent progress in the treatment of hepatocellular carcinoma (HCC), it remains plagued by a growing incidence and a consistently high mortality rate as it is the fourth most common cause of cancer-related deaths worldwide [1] . Curative treatments for HCC are only applicable to a minority of patients as nearly 70% are diagnosed at more advanced stages of the disease. For such patients, palliative transarterial catheter-based therapies and systemic therapy are the only available options [2] [3] [4] .
Over the last three decades, image-guided intra-arterial therapies (IATs) have been validated through well-designed clinical trials and incorporated into treatment guidelines as a result [5, 6] . Among the various IATs, conventional transarterial chemoembolization (cTACE) using ethiodized oil (Lipiodol, Guerbet) combined with chemotherapeutic agents has been the most frequently used and studied option to the point that level 1A evidence Translational Oncology 13 (2020) 100742 exists, demonstrating its impact on patient survival and establishing cTACE as the recommended therapy for patients with intermediate-stage HCC in guidelines [3, [7] [8] [9] [10] . The data are less robust for patients with liver metastases who have progressed through systemic drug therapy; cTACE has nonetheless been shown through small studies to improve patient survival in the salvage setting [11] [12] [13] [14] .
Lipiodol plays a unique multifunctional role in cTACE. Beyond its well-established function as a drug carrier, it is also used as an imaging agent during cTACE as well as on intraprocedural cone-beam computed tomography (CB-CT) and postprocedural multidetector CT [15] . Another potential role of Lipiodol is that of a marker of tumor response. It has been demonstrated at histopathology that Lipiodol retention within tumors can be reliably used as direct evidence of tumor necrosis [16, 17] . Furthermore, specific baseline imaging features, especially tumor vascularity, may be useful to predetermine Lipiodol deposition and thus predict therapeutic efficacy [18, 19] . As a result, such imaging features at baseline could be used to select the best tumors for cTACE.
This prospective clinical study was designed to investigate whether Lipiodol can be used reliably as an imaging biomarker of tumor response after cTACE across a spectrum of tumor types that included both primary and secondary liver cancer. A multimodality imaging protocol including CT, magnetic resonance imaging (MRI), and positron emission tomography (PET) was used for that purpose.
Materials and Methods

Study Cohort
This prospective single-center single-arm clinical trial enrolled patients with primary or secondary liver malignancy. It was conducted in accordance with the Declaration of Helsinki on Ethical Principles for Medical Research Involving Human Subjects, approval from the Institutional Review Board was obtained, and the study was registered at clinicaltrials.gov (NCT01877187). Eligible patients were identified and recruited by a multidisciplinary team. A total of 39 patients (HCC, n = 22 and non-HCC, n = 17) were included in this trial and treated with cTACE between 2013 and 2015. For detailed inclusion and exclusion criteria, see Supplementary material.
Study Design
After obtaining written informed consent, patients underwent baseline assessment within 30 days prior to cTACE (see Figure 1 ). Baseline preprocedural imaging included multiphasic contrast-enhanced (CE) CT, multiphasic CE-MRI scan of the liver, and fluorodeoxyglucose (FDG)-PET/CT scans. Patients underwent treatment with cTACE followed by a noncontrast CT scan of the abdomen 24 hours after the procedure. Follow-up imaging and clinical evaluation were done at 30, 90, and 180 days after TACE. This included physical examination, laboratory tests, tumor marker analysis, multiphase CE-CT and CE-MRI of the liver, and PET-CT scan (only 90 and 180 days of followup). Adverse events (AEs) were documented. Patients underwent cTACE procedure as described in previous studies [20] and in the Supplementary material.
Imaging Data Analysis
Linear measurements were done using standardized electronic calipers on slices with the largest tumor diameter. Target tumors were defined as dominant liver tumors treated during the first cTACE. A maximum of two target tumors per patient were chosen for tumor response analysis. Measurements of the longest tumor diameter (cm) and area (cm 2 ) as well as the longest enhancing tumor diameter (cm) and enhancing area (cm 2 ) were performed.
The same tumors were segmented on pre-and posttreatment CE-MRI scans (using a semiautomatic, threshold-based 3D segmentation technique, IntelliSpace Portal V 8.0, Philips). Using image subtraction and placement of a region of interest, tumor volume [TV (cm 3 )] and enhancing tumor volume [ETV (cm 3 )] calculations were performed. Enhancing tumor volume was defined using previously validated quantitative European Association for the Study of the Liver (qEASL) methodology [21] .
Target tumor Lipiodol deposition and washout were quantified using the previously described 3D tumor segmentation and quantification approach on the noncontrast follow-up CT scans (24 hours and 30, 90, and 180 days). Nontumorous liver parenchymal Lipiodol deposition and washout were assessed by quantifying the nontarget Lipiodol deposits after embolization using the aforementioned 3D quantitative technique (see Supplementary material).
Tumor response assessment was done using World Health Organization (WHO), Response Evaluation Criteria in Solid Tumors (RECIST), modified RECIST (mRECIST), European Association for the Study of the Liver (EASL), and quantitative EASL (qEASL) guidelines [21] [22] [23] [24] [25] [26] . Tumor response was categorized into complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). Patients with CR and PR were considered as responders (R), while patients with SD and PD were considered as nonresponders (NR).
Tumor burden (TB), enhancing tumor burden [ETB, (%)], and liver volume measurements were performed as described in previous studies [27] and in the Supplementary material.
PET-CT scans were being evaluated for their ability to predict and reliably assess tumor response in the setting of liver directed locoregional therapy. The radioactive dose of FDG dose is based on patient weight, 0.09 mCi/lb (minimum 10 mCi, maximum 25 mCi). The FDG was sourced from PETNET Solutions Inc., a subsidiary of Siemens Medical Solutions USA, Inc. The mean and maximum standardized uptake values (SUVs) of the target tumors, liver, and blood pools pre-and posttreatment were measured. All measurements were performed using MIM 6.6.6 (MIM Software).
Study Endpoints
Tumor response was the primary endpoint of the study. Several secondary imaging endpoints were analyzed in subgroups to assess the following correlations:
Correlation between baseline tumor characteristics (tumor enhancement, TV, ETV, TB, ETB) and Lipiodol deposition at 24-hour noncontrast CT 2. Correlation between baseline tumor characteristics and response 3. Correlation between baseline tumor characteristics and SUV on baseline imaging 4. Correlation between Lipiodol deposition in 24-hour noncontrast CT and
SUV on baseline and follow-up imaging 5. Correlation between SUV on baseline and follow-up imaging and response 6. Correlation between Lipiodol deposition in 24-hour noncontrast CT and response 7. Intra-versus extratumoral Lipiodol washout Correlation analysis was done for the whole group, as well as for subgroups as stratified by tumor type (HCC vs. non-HCC). The multi-time point analysis included patients who underwent a single session of cTACE. Imaging acquired after retreatment (n = 7) was excluded from this post hoc analysis. Additional characterizations and inclusion and exclusion criteria for each analyzed subgroup (1-7) are specified in Table 1 . Overall survival and the occurrence of adverse events were analyzed as additional secondary endpoints.
Statistical Analysis
To summarize the data in absolute numbers and percentages, descriptive statistics were used. For continuous variables, mean and range were calculated. To establish the correlation between values, linear regression model, Student's t tests, Wilcoxon rank sum test, Wilcoxon signed rank test, Chi-square tests, and Fisher's exact test were used. Survival analysis included calculation of the median overall survival (MOS), defined as time from the first TACE to the date of death. Patients receiving retreatment or lost in follow-up were censored. Statistical significance was defined as P ≤ .05. The analysis was performed using the statistical software SAS (SAS Institute, Version 9.4.3).
Results
Study Cohort and Treatment
A total of 39 patients with primary or secondary liver cancer were enrolled into this study ( Table 2) . Twenty-two patients had HCC; 17 patients had metastatic liver cancer, including neuroendocrine tumors (n = 7), cholangiocarcinoma (n = 8), cutaneous melanoma (n = 1), and uveal melanoma (n = 1). Detailed description of the study cohort is provided in the Supplementary material. MOS of the entire cohort was 18.02 months.
Correlation Between Baseline Tumor Characteristics and Lipiodol Deposition at the Initial (24-Hour) Follow-up
All measures of tumor size (tumor diameter, area, or volume) demonstrated a statistically significant, inverse correlation with Lipiodol deposition of the targeted tumors, with higher statistical significance for the patients with metastatic liver cancer ( Table 4 ), indicating that larger tumor size at baseline is a negative predictor of high Lipiodol deposition, especially in metastatic liver tumors. As for the enhancement-based tumor characteristics, a reverse trend was observed for baseline tumor enhancement expressed in percentage of total tumor volume, indicating that hyperenhancing tumors were more likely to deposit more Lipiodol after cTACE (R 2 = 0.189, P = .0456). 
Correlation Between Baseline Tumor Characteristics and Tumor Response
Response rates are provided in Table 3 . Responders (EASL, 30-day time point) were overall more likely to have a smaller median tumor diameter (P = .025) and median tumor area (P = .043) at baseline imaging as compared with nonresponders. They were also more likely to demonstrate arterially hyperenhancing tumors at baseline imaging than nonresponders (P = .020). A similar trend was demonstrated at the 90-day imaging time point across all response criteria with the exception of RECIST, showing consistently greater response rates for arterially hyperenhancing tumors at baseline (WHO P = .017, mRECIST P = .011, EASL P = .029, and qEASL P = .013). For RECIST, this trend was only confirmed for patients who demonstrated a response at the 180-day imaging follow-up (P = .034). Both anatomical and enhancement-based measurements decreased over time, indicating a tumor shrinkage and decrease of tumor enhancement ( Figure 2) . As for the FDG uptake, we observed a decrease of mean SUV as well as tumor/liver and tumor/blood ratios.
Correlation Between Baseline Tumor Characteristics and FDG Uptake
HCC tumors with a larger tumor size at baseline were more likely to demonstrate increased FDG uptake (as measured in SUV) at baseline PET-CT with highly significant P values (P > .01) and strong positive correlation (R 2 > 0.5; Table 5 ). Baseline arterial enhancement showed a similar but weaker trend with significance only achieved for unidimensional measurements. No significant correlation was noted between baseline tumor characteristics and FDG uptake in the metastatic liver cancer group (P > .05).
Correlation Between Lipiodol Deposition on 24-Hour CT and FDG Uptake at Baseline and Follow-up Imaging
There was no statistically significant correlation between Lipiodol deposition and tumor coverage as seen on the CT 24 hours after cTACE and FDG uptake at baseline or any follow-up time point for the overall cohort, as well as for the HCC and metastatic liver cancer subgroups (P > .05). EASL and qEASL, respectively). No correlation between FDG uptake at baseline and tumor response on 90-and 180-day follow-up imaging was seen for any response criteria (P > .05). Importantly, no correlation between FDG uptake on postprocedural PET-CTs and MRI-based tumor response on follow-up scans was seen for any assessment method and subgroup (P > .05).
Correlation Between Lipiodol Deposition on the 24-Hour CT and Response on Follow-up MRI
Lipiodol deposition was greater in qEASL responders (30-day time point; measured in % of the tumor volume covered) than in the nonresponders, as quantified on the 24-hour CT follow-up scans. This difference was significant both for the entire cohort (P = .004) and the HCC patients (P = .026) but not for the non-HCC subgroup (P > .05).
Lipiodol Washout Over Time in Tumor and Liver Tissue
Target tumor coverage with Lipiodol (expressed as % of the tumor volume covered on the 24-hour post-cTACE CT scan) initially did not significantly differ between HCC and metastatic liver tumors (P = .08), with HCC tumors showing a trend towards better coverage (Figure 3 ). When measured at the 30-and 90-day imaging time points after cTACE, the rate of Lipiodol retention and sustained coverage was greater in HCC tumors than in metastatic liver tumors (P = .03 and P = .008 for the 30-and 90day follow-up, respectively). Lipiodol was eliminated from the background liver parenchyma as soon as 30 days after cTACE, with washout rates that were significantly higher than those in tumors of the entire cohort and of the HCC subgroup (P < .001 and P < .001, respectively). Lipiodol elimination from nontumorous liver parenchyma with underlying cirrhosis (in patients with HCC) was not significantly different from that observed in noncirrhotic livers (P > .3, cirrhosis rate in HCC cohort = 100%, non-HCC = 0%).
Discussion
The results of this prospective clinical trial describe the dynamic role of Lipiodol as an imaging biomarker following cTACE across a spectrum of tumor types and sizes within the liver. The strength of our study lies in its design to monitor the patterns of Lipiodol deposition and longitudinal retention within liver tumors. The data support that Lipiodol deposition in targeted tumors can be predicted before the procedure using quantitative assessment of baseline tumor enhancement and that the correlation between Lipiodol deposition within the tumor and tumor response was strong and statistically significant.
Our study elucidated clinically relevant imaging findings when performing cTACE: first, arterially hyperenhancing tumors at baseline imaging are more likely to respond to cTACE; second, small HCC nodules showed higher Lipiodol deposition than larger HCCs; third, the greater Lipiodol deposition in small HCC nodules resulted in better clinical outcomes in terms of patient survival, confirming what had been reported in other studies [19, 28, 30, 33] ; and fourth, the extent of Lipiodol deposition within tumors as assessed by both intra-and postprocedure CT is able to predict tumor response using enhancement-based criteria. As a result, it is clear that Lipiodol is able to fulfill its many roles as a contrast, drug delivery, and microembolic agent and as a biomarker of tumor response [38] .
The concept of theranostic agents was introduced in the mid-1980s for agents characterized by multifaceted capabilities [39] , mainly able to serve the purpose of diagnosis, drug delivery, and disease monitoring [40] . Lipiodol, when emulsified and administered selectively into the liver, possesses such key characteristics. Our data support that Lipiodol can be used as an imaging biomarker of tumor response because of its unique ability to predict outcomes after cTACE. The data confirmed our hypothesis that Lipiodol deposition is indeed taken up by tumors relatively specifically and more importantly remains in tumors for a long period of time. Lipiodol deposition was tumor-dominant with a seemingly greater affinity for HCC and more importantly remains in tumors for a long period of time. This was the case mostly in HCC where Lipiodol was retained at all imaging follow-up time points, whereas it was not as evident in metastatic liver tumors. Conversely, near-complete elimination of Lipiodol from nontumorous liver parenchyma was observed in both cirrhotic and noncirrhotic livers.
The role of Lipiodol as a potential biomarker of tumor necrosis, and therefore response, has been reported on for nearly two decades, with most of the data coming from retrospective studies. Lipiodol deposition was reported to be greatest in small tumors and associated with better outcomes and longer survival [17, [23] [24] [25] . Additionally, Lipiodol was also found to accumulate preferentially in arterially hyperenhancing tumors [26] . Our data prospectively validate both hypotheses: (1) by confirming the inverse correlation between tumor size and Lipiodol deposition and (2) by demonstrating that Lipiodol preferentially accumulates in hyperenhancing tumors. The asterisked R 2 and P values were the only ones to demonstrate a statistically significant and positive correlation between parameters. A key finding of our study linked the extent of baseline tumor enhancement and percentage tumor coverage with Lipiodol on immediate postprocedural CT with higher tumor response rates on follow-up imaging. This trend was more apparent in HCC. Several retrospective studies have reported on the relationship between Lipiodol deposition and longer survival [19, [28] [29] [30] [31] [32] [33] , and some authors reported an association between complete Lipiodol tumor coverage with a lower local tumor recurrence rate [34] .
The imaging follow-up period in our study was relatively short, and the trial design did not include time-to-tumor progression as an endpoint. However, no tumor recurrence was observed in tumors with high Lipiodol deposition and complete response by imaging. Taken together, our data prospectively support existing reports acquired retrospectively that correlated Lipiodol deposition with high rates of tumor response [35] and tumor necrosis at histopathology [30, 35, 36] . Regarding the assessment of tumor response, all enhancement-based techniques detected responders early, indicating a decreased tumor enhancement. However, size-based criteria failed to reliably detect tumor response 30 days after cTACE and had a delayed ability to detect a response. This finding underlines the necessity of using enhancement-based response criteria in the setting of cTACE.
Several factors influence Lipiodol uptake and retention by the targeted tumors. First, Lipiodol is administered intraarterially, which is the preferential blood supply to liver tumors guaranteeing successful targeting of the tumors, while at the same time, dominant portovenous flow to the liver tissue provides a route for the elimination of Lipiodol. Second, it is likely that the various patterns of Lipiodol deposition and retention in tumors reflect inherent tumor characteristics that are not completely clear. It seems however that vascular characteristics of liver tumors may help provide some insight into such patterns of Lipiodol uptake and retention. Finally, it is also possible that the ratio of Lipiodol to chemosolution and the mechanics of emulsion generation may have some impact on the patterns of Lipiodol deposition and retention [15] .
The main limitation of this study is the small number of patients, resulting in a lower statistical power. This was countered by a standardized imaging protocol that included a broad range of imaging modalities (MR, CT, and FDG-PET) with different characteristics and properties, allowing a true multiparametric assessment of the tumor and surrounding tissue to be performed. A second limitation of the study was the inclusion of both HCC and non-HCC patients, resulting in a heterogeneous group of patients. However, it was the intended goal of our study to acquire data on a variety of tumor types to enrich the diversity of the role of Lipiodol as a potential reliable imaging biomarker. Finally, no pathological correlation of the radiological findings was obtained.
In summary, our findings confirm the findings from previous animal studies and validate the unique properties and function of Lipiodol as a tumor-specific, drug-carrying, and imaging biomarker agent when used during cTACE to treat patients with primary and secondary liver cancer.
